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(57) ABSTRACT

A projector can include a projection lens that is positioned

substantially one focal length away from a spatial light modu-
lator. The projector may also include a non-imaging optic
configured to illuminate the spatial light modulator. The non-

imaging optic may include a light emitter and an etendue-
preserving reflector. The projector can be configured to

project an image created by the spatial light modulator at a
distance using light from the non-imaging optic.
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1
EFFICIENT SPATTALLY MODULATED
ILLUMINATION SYSTEM

TECHNICAL FIELD

This disclosure relates to light projectors.

DESCRIPTION OF THE RELATED
TECHNOLOGY

Projectors are often used in theatrical and architectural
applications, as well as many others, to project a pattern of
light onto a surface. The pattern may be, for example, an
ornamental design that is projected onto a wall of a theatrical
set, or a business logo projected onto a wall in a reception
area. Many projectors are known in the art. These imaging
projectors typically form a sharply-focused image at a spe-
cific image plane. If these imaging projectors are to be used at
multiple different projection distances, they typically require
amechanism for adjusting the focus of the projector lens. This
allows the projector to form a substantially sharply-focused
image at different projection distances. However, a focus
adjustment mechanism adds additional expense to the projec-
tor. In addition, a human operator may be required to manu-
ally adjust the focus of the projector, or the projected pattern,
whenever the intended application changes. Sometimes the
location of the projector makes it difficult or inconvenient for
manual adjustment.

SUMMARY

The systems, methods and devices of the disclosure each
have several innovative aspects, no single one of which is
solely responsible for the desirable attributes disclosed
herein.

Innovative aspects of the subject matter described in this
disclosure can be implemented in a projection device com-
prising: a first lens, the first lens having a first focal length and
a first optical axis; a spatial light modulator positioned sub-
stantially one first focal length away from the first lens along
the first optical axis; and a light source configured to illumi-
nate the spatial light modulator, wherein the light source
includes a light emitter and an etendue-preserving reflector,
wherein the device is configured to project a pattern created
by the spatial light modulator at a distance using light from
the light source. The light source can include an array of light
emitters. In addition, the projection can further comprise a
second lens, the second lens having a second focal length and
a second optical axis that is aligned with the first optical axis,
the second lens being positioned substantially one second
focal length away from the spatial light modulator on a side of
the spatial light modulator opposite the first lens, wherein the
light source is configured to illuminate the clear aperture of
the second lens, and wherein the output plane of the light
source is positioned substantially one second focal length
away from the second lens such that the light source and the
second lens together provide enhanced uniformity of light at
the location of the spatial light modulator.

In another implementation, a method of fabricating a pro-
jection device comprises: providing a first lens, the first lens
having a first focal length and a first optical axis; providing a
spatial light modulator positioned substantially one first focal
length away from the first lens along the first optical axis; and
providing a light source configured to illuminate the spatial
light modulator, wherein the light source includes a light
emitter and an etendue-preserving reflector, wherein the
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device is configured to project a pattern created by the spatial
light modulator at a distance using light from the light source.

In another implementation, a projection device comprises:
means for producing a beam of light, wherein the light beam
production means includes means for preserving etendue of
the beam of light; means for producing a spatial pattern to be
illuminated by the beam of light; and focusing means for
imaging the spatial pattern production means, the focusing
means being associated with a focal length and an optical
axis, the focusing means being positioned substantially one
focal length away from the spatial pattern production means
along the optical axis, wherein the device is configured to
project the spatial pattern at a distance.

BRIEF DESCRIPTION OF THE DRAWINGS

Details of one or more implementations of the subject
matter described in this specification are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings, and the claims. Note that the
relative dimensions of the following figures may not be drawn
to scale.

FIG. 1 is a schematic illustration of an example of a pro-
jector.

FIG. 2 is a perspective view of an example of an array of
light sources that includes a plurality of light emitters with a
corresponding plurality of reflectors.

FIG. 3 is a cross-sectional schematic illustration of an
example of an array of light sources, a spatial light modulator,
and a controller for controlling the power level of the light
sources as well as the pattern created by the spatial light
modulator.

FIG. 4 is a schematic illustration of an example of a pro-
jector that includes a lens that is used to enhance the unifor-
mity of the illumination of a spatial light modulator by an
array of light sources.

FIG. 5 is a schematic illustration of an example of a pro-
jector similar to the one illustrated in FIG. 1 but without
reflectors.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

The following detailed description is directed to certain
implementations for the purposes of describing various inno-
vative aspects. However, the teachings herein can be applied
in a multitude of different ways.

Various implementations of a projector are described
herein. In some implementations, a projector may include one
or more light sources that illuminate a spatial light modulator
that forms a desired pattern that is to be projected at a dis-
tance. The spatial light modulator may be located substan-
tially one focal length away from a field lens. The field lens
collimates light from the spatial light modulator, thus project-
ing an image of the pattern created by the spatial light modu-
lator at a distance.

Since light from the spatial light modulator is substantially
collimated in some implementations, the pattern is projected
to infinity. Accordingly, the pattern can be projected at sub-
stantially different distances from the projector to a projection
surface without requiring a focusing mechanism and focus
adjustments. Such a projector can be used, for example, as a
compact and cost-effective source of information (e.g., text,
graphics, pictures, videos, decorative illumination, etc.) that
is to be conveyed to a distant wall, floor, or ceiling.
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FIG. 1 is a schematic illustration of an example of a pro-
jector 100. The projector 100 includes one or more light
sources 102 that illuminate a spatial light modulator 108. The
spatial light modulator 108 creates a desired light pattern
using the light from the sources 102. The light then passes to
a field lens 120. The field lens 120 projects the light pattern
created by the spatial light modulator at a distance.

The projector 100 can include an array of multiple light
sources 102, or a single light source, for illuminating the
spatial light modulator 108. In the case of an array of multiple
light sources 102, the array can have, for example, a two-
dimensional lattice structure. In some implementations, the
light sources 102 utilize non-imaging optics. For example,
each light source 102 can include a light emitter 104 and a
corresponding reflector 106. Each light emitter 104 can be,
for example, a light emitting diode (LED), though other light
emitters can also be used. In some implementations, the light
emitters 104 are surface emitting LEDs which output light
over a generally hemispherical range of angles. Each corre-
sponding reflector 106 can be used to collect light from the
range of angles at which light is emitted from a light emitter
104, and to direct the light toward the field lens 120. In some
implementations, the light sources 102 output substantially
white light, though they can also be selected to output any
color, or combination of colors.

The spatial light modulator 108 can be any optical element
that can be used to create a desired pattern (e.g., any arbitrary
design, picture, graphic, text, image, etc.), whether static or
time-varying, that is to be projected at a distance. The desired
pattern can be monochromatic or polychromatic. In some
implementations, the spatial light modulator 108 creates a
fixed pattern that is to be projected at a distance. In such
implementations, the spatial light modulator 108 can be, for
example, a stencil with spatially-varying transmissive,
absorptive, reflective, and/or opaque areas arranged in a
desired pattern. In some implementations, the spatial light
modulator 108 is a component that can create a variable
pattern that is to be projected at a distance. In such implemen-
tations, the spatial light modulator 108 can include an array of
pixels whose optical characteristics (e.g., transmissivity,
absorptivity, reflectivity, and/or opaqueness) can be individu-
ally controlled to create a desired pattern. For example, the
spatial light modulator in such implementations can be a
liquid crystal display (LCD) panel that is communicatively
coupled to a controller for forming various patterns with the
LCD panel.

Patterned light from the spatial light modulator 108 passes
to the field lens 120. The field lens 120 in the projector 100
can be, for example, a positive power lens, with one or more
optical elements. The optical element(s) can include, for
example, biconvex lens elements, plano-convex lens ele-
ments, meniscus lens elements, Fresnel lens elements, etc. In
addition, the optical element(s) can be refractive or diffrac-
tive. As illustrated in FIG. 1, the field lens 120 has a focal
length, FL. For reference purposes, an optical axis can be
defined as the longitudinal axis that passes through the optical
center of the field lens 120.

In some implementations, the field lens 120 is positioned
substantially one focal length, FL., away from the spatial light
modulator 108 along the optical axis. For example, the field
lens 120 can be positioned substantially one focal length,
along the optical axis, away from the output plane of the
spatial light modulator 108. This relationship between the
spatial light modulator 108 and the field lens 120 establishes
aprojection condition, which is schematically shown in FIG.
1. In some implementations, the field lens 120 is placed
exactly at, within manufacturing tolerances, one focal length
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away from the output plane of the spatial light modulator 108,
in which case, the replica of the pattern created by the spatial
light modulator 108 is in focus at infinity. In some implemen-
tations, the placement ofthe field lens 120 will be close to, but
not necessarily exactly at, one focal length away from the
output plane of the spatial light modulator 108 so that the
pattern created by the spatial light modulator 108 is in focus
not nearer than 100 times the focal length of the field lens 120,
or not nearer than 200 times the focal length, or not nearer
than 500 times the focal length. In some implementations, the
field lens is disposed substantially one focal length away from
the output plane of the spatial light modulator 108 to within
1%, 2%, or 5% of the focal length. In situations where the
surface onto which the beam pattern 140 is intended to be
projected is at a fixed distance from the field lens 120, relay
and/or projection lens approaches (i.e., additional relay
lenses can be added to the system) can be used to alter the
focal plane of the optical system to the intended surface.

With reference to FIG. 1, light from the light sources 102 is
incident upon the spatial light modulator 108 from below.
This light is spatially modulated, forming a desired light
pattern, and is then transmitted to the field lens 120. For
purposes of illustration, three different groups of three light
rays are shown emanating from different areas of the array of
the spatial light modulator 108. A group of three dotted rays
(1104, 1104, and 110¢) are shown emanating from the left-
hand portion of the spatial light modulator 108, while a group
of three solid rays (1124, 1125, and 112¢) emanate from the
middle ofthe spatial light modulator 108, and a group of three
dashed rays (114a, 1145, and 114¢) emanate from the right-
hand portion of the spatial light modulator 108. As mentioned
above, the output plane of the spatial light modulator 108 can
be located substantially one focal length away from the field
lens 120. Thus, the field lens 120 collimates the beams of light
110 (110a,1105, and 110¢), 112 (112a,112b, and 112¢), and
114 (114a, 1145, and 114¢) from the spatial light modulator
108, and projects a light pattern 140, that corresponds to a
pattern created by the spatial light modulator 108, to infinity.

For example, as illustrated in FIG. 1, the three solid rays
(112a, 11256, and 112¢) emanating from the middle of the
spatial light modulator 108 are collimated and emerge from
the field lens 120 substantially parallel in the vertical direc-
tion. The three dotted rays (110qa, 1105, and 110¢) from the
left-hand side of the spatial light modulator 108 are colli-
mated and emerge from the field lens 120 as parallel rays that
are angularly offset from the vertical optical axis to the right,
while the three dashed rays (114qa, 1145, and 114¢) from the
right-hand side of the spatial light modulator 108 are colli-
mated and emerge from the field lens 120 as parallel rays that
are angularly offset to the left of the optical axis.

Moreover, the light rays emanating from each portion of
the spatial light modulator 108 are averaged at each point in
the field lens’s output focal plane 130. Accordingly, there is
no useful image at the output focal plane 130. For example, as
shown in FIG. 1, light rays 110a, 1124, and 114a are each
averaged at a point in the output focal plane 130, while the
same is true for light rays 1105, 1125, and 1145, and for light
rays 110c, 112¢, and 114c¢, respectively. A continuum of
effective point sources are created at the output focal plane
130 of'the field lens 120, each radiating light in fixed angular
cones, and each having a constant far field projection angle, ¢,
equaling arctan [(W/2)/FL], where W is the aperture width of
the array of light sources 102 and arctan is the arc tangent
function.

The far field projection angles, ¢, of the beams of light 110,
112, and 114 in the meridian that is illustrated in FIG. 1
depend on the width, W, of the spatial light modulator 108 in
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that meridian. Similarly, the far field projection angles in the
orthogonal meridian (not shown) depend on the width W' of
the spatial light modulator 108 in that meridian (which may or
may not be the same as W). When W=W_" the projected
pattern 140 may be generally square-shaped (depending upon
the shape ofthe array oflight sources 102). When W does not
equal W, the projected pattern 140 may become generally
rectangular-shaped. Whether square or rectangular, however,
the optical uniformity is particular even because of the spatial
averaging that occurs at the output focal plane of the field lens
120, where each point represents an average of all emitting
points at the output of the spatial light modulator 108.

In this way, the field lens 120 projects at or near infinity
(e.g., at least two orders of magnitude greater than the focal
length of the lens, for example 200 times the focal length of
the field lens, away from the field lens) an image of the spatial
light modulator 108. Since the beams of light 110, 112, and
114 are focused far away, as mentioned above, the light pat-
tern created by the spatial light modulator 108 maintains a
similar appearance regardless of the distance from the pro-
jector 100 so long as the distance between the projection
surface and the field lens, for example, 15 times the focal
length of the field lens or more (though the illumination
pattern does increase in size with increasing distance from the
projector).

The projector 100 can be simplified because it does not
require a mechanism for changing the focus distance. Accord-
ingly, no human operator or automatic focus-adjusting
mechanism is needed to set up or adjust the focus of the
projector 100 for a given application. The projector 100
implements a trade-off in which reduced cost and increased
ease of use are favored over creating a high-resolution pro-
jected optical image of the spatial light modulator 108 at a
particular finite distance.

As a result of the collimated beams 110, 112, and 114
which exit the field lens 120, in some implementations the
projector 100 does not include any mechanism for adjusting
the focus of the projector, for example, by altering the dis-
tance between the field lens 120 and the spatial light modu-
lator 108. In some implementations, the field lens 120 and the
spatial light modulator 108 are fixed with respect to one
another by, for example, a housing. In addition, in order to
make for a compact design, in some implementations the
projector 100 does not include additional optical components
apart from the light emitters 104, reflectors 106, spatial light
modulator 108, and field lens 120.

In some implementations suitable for a microprojector, for
example, the array of light sources and spatial light modulator
can be made to be very small. For example, the array of light
emitters 104 could be shaped in a square (or a circle) with a
side (diameter) having a dimension from about 50 microns to
about 6 mm. The spatial light modulator could similarly
range, in various implementations, between 50 microns to
about 6 mm. In some implementations, the array of light
emitters 104 can have a dimension, such as a side or a diam-
eter, less than 6 mm. As one illustrative example of a rela-
tively small LED or OLED array, each LED could be about 10
microns in size, and the array can be formed in a 5 by 5
arrangement. In various microprojector implementations, the
reflectors 106 could include a microstructure of reflectors
having a reflector height ranging from about 50 microns to 12
mm. For a microprojector implementation, the lens diameter
may range from, for example, 200 microns to 12 mm, with a
focal length ranging from, for example, 500 microns to 12
mm. In one implementation, a microprojector can include a
compact flashlight with a controllable beam pattern, or a
controllable illuminator for controllably illuminating difter-
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ent portions of a keyboard of a laptop, for example. In some
larger implementations, more suitable for commercial or the-
atrical lighting environments, the lens diameter may range
from, for example, about 12 mm to about 305 mm (~12
inches), with a focal length ranging from, for example, about
12 mm to about 610 mm (~24 inches). For such an imple-
mentation, the array of light emitters 104 could be shaped in
a square (or a circle) with a side (diameter) having a dimen-
sion, for example, from about 6 mm to about 51 mm (~2
inches). Reflectors 106 can range in height from, for example,
12 mm to about 152 mm (~6 inches). With such compact
designs, a beam projector can be provided that is, for
example, 50% to 15% of the size of conventional lighting
solutions providing similar brightness and illumination.

FIG. 2 is a perspective view of an example of an array of
light sources 202 thatincludes a plurality of light emitters 204
with a corresponding plurality of reflectors 206. The array of
light sources 202 is an example implementation of the array
of light sources 102 that is schematically illustrated in FIG. 1.
In the illustrated implementation, the array of light sources
202 is made up of a 4x4 two-dimensional array of individual
light emitters 204, though a variety of different numbers and
arrangements of light emitters can be used (including a single
light emitter and corresponding reflector). As already dis-
cussed, the light emitters 204 can be, for example, LEDs. In
some implementations, each light emitter 204 has a corre-
sponding reflector 206. For example, each light emitter 204
can be positioned within a reflector. In some implementa-
tions, each reflector 206 includes one or more reflective side-
walls made up of, for example, metallic or dielectric material.
The reflective sidewalls can extend from the boundaries of the
corresponding light emitter 204. The reflective sidewalls can
be shaped to direct all, or substantially all, of the light from a
light emitter 204 toward the field lens 120. The reflectors 206
may also be designed to homogenize the light that is incident
upon the field lens 120.

In some implementations, the reflectors 206 are etendue-
preserving reflectors. In other words, each reflector 206 is
etendue-matched to the corresponding light emitter 204. For
example, each reflector 206 can be configured so as to sub-
stantially match the angular spread of the output beam of light
from its corresponding light emitter 204 to the acceptance
cone of the field lens 120. In addition, the reflectors 206 can
be configured so as to substantially match the diameter of the
beams from the light emitters 204, at the point where they are
incident upon the field lens 120, to the clear aperture of the
field lens. The specific shape of the sidewalls of a reflector
206 in any given implementation may be dependent upon, for
example, the emitting pattern of the corresponding light emit-
ter 204, the distance to the field lens 120, etc. In some imple-
mentations, since the reflectors 206 are etendue-matched to
the corresponding light emitters 204, the reflectors 206 can
reduce or eliminate wasted light by forming beams whose
spatial and angular extent are such that all, or substantially all,
of the light from the light emitters 204 (via the spatial light
modulator 108) falls within the acceptance cone of the field
lens 120 and passes through its clear aperture. In this way, the
etendue-preserving reflectors 206 increase the efficiency of
the projector.

Although in some implementations it may be possible to
use other optical components besides the reflectors 206 to
direct light from the light emitters 204 towards the field lens
120 (via the spatial light modulator 108), the reflectors 206
have the advantageous capability of being able to process
relatively wide-angle light from the light emitters 204 and to
effectively direct it toward the field lens 120. For example, in
the case where each light emitter 204 emits light over a
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hemispherical range of angles, it may be difficult to capture
all of that light with other types of optical components, such
as lenses, and direct it towards the field lens 120. Unfortu-
nately, any light from a light emitter 204 that does not reach
the clear aperture of the field lens 120, at an angle that is
within the acceptance cone of the field lens 120, does not
contribute to the useful formation of a light pattern 140 that is
a replica of the pattern created by the spatial light modulator
108. Thus, the efficiency ofthe projector is reduced due to this
lost light. The reflectors 206, however, are able to process
wide-angle light and effectively direct it to the field lens 120,
thus increasing efficiency.

FIG. 3 is a cross-sectional schematic illustration of an
example of an array of light sources 302, a spatial light
modulator 308, and a controller 370 for controlling the power
level of the light sources as well as the pattern created by the
spatial light modulator. The array of light sources 302, with
the controller 370, is an example implementation of the array
oflight sources illustrated elsewhere herein (for example, 102
in FIG. 1). The controller 370 can be used to set the power
level of the light emitters 304 in the array 302 (for example,
via the control lines 372). The controller 370 can be used to
selectively and independently set the power level of the indi-
vidual light emitters 304 in the array 302 (for example, via the
control lines 372), thus allowing for the creation of a variety
of light patterns using the array of light sources 302. For
example, the power level of each individual light emitter 304
can be controlled by switching between an ON state (full
power) and an OFF state (zero power). Alternatively, the
power level of each individual light emitter 304 can have
several discrete power values, or even a continuous range of
power values between the ON and OFF states. By switching
the individual light emitters 304 to different power values, a
wide variety of beam patterns can be created. In addition, the
controller 370 can control the pattern created by the spatial
light modulator 308. For example, the controller can use
picture data, image data, graphic data, text data, video data,
etc., transmitted via one or more control lines 372, to create
time-varying patterns with the spatial light modulator 308.
Such data can be used, for example, to separately and indi-
vidually control pixels in the spatial light modulator 308 to
transmit, reflect, absorb, and/or block different amounts of
light depending upon the spatial location of each pixel in the
spatial light modulator. In this way, a wide variety of pro-
jected patterns 140 can be created. This can be done, for
example, electronically and remotely without physically
accessing or manipulating the optics of the projector 100.

In some implementations, the controller 370 includes a
receiver with, for example, a wired or wireless interface for
receiving remote command signals. The controller 370 can
process a command signal and then control, for example, the
spatial light modulator 308 to form a pattern that corresponds
to the received command signal. In some implementations,
the receiver interface of the controller 370 may be communi-
catively coupled with a remote control device via the Internet,
Bluetooth, Wi-Fi (Institute of Electrical and Electronics Engi-
neers (IEEE) 802.11 standards), etc. In addition, the remote
device can be a computer (e.g., desktop, laptop, tablet), a cell
phone, etc.

If an array of light emitters 304 and corresponding reflec-
tors 306 are used instead of a single light emitter/reflector
pair, the resulting projected pattern (for example, 140) may
include noticeable artifacts resulting from brightness varia-
tions due to, for example, the spacing between the light emit-
ters, the reflector sidewalls, etc. However, such artifacts can
be reduced using the implementation illustrated in FIG. 4.
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FIG. 4 is a schematic illustration of an example of a pro-
jector 400 that includes a lens 450 that is used to enhance the
uniformity ofthe illumination of a spatial light modulator 408
by an array of light sources 402. The array of light sources
402, the spatial light modulator 408, and the field lens 420 can
be similar to others described herein (e.g., 102, 108, and 120,
respectively, in FIG. 1). However, the projector 400 in FIG. 4
includes two different lenses: the field lens 420; and a bright-
ness homogenizing lens 450. The field lens 420 and the spa-
tial light modulator 408 are arranged as discussed elsewhere
herein. Namely, the spatial light modulator 408 is separated
from the field lens 420 by the focal length FL.1 of the field
lens. Thus, the field lens 420 projects the spatial light modu-
lator pattern to infinity, as discussed herein.

The projector 400 also includes an array of light sources
402, which may each include a light emitter 404 and a corre-
sponding reflector 406, as discussed herein (a single light
emitter with an etendue-preserving reflector can also be
used). Spatial variations in the brightness of the light from the
array of light sources may result from, for example, the spac-
ing between the light emitters 404, the boundaries between
reflectors 406, etc. As mentioned above, such brightness
variations may result in noticeable artifacts in the projected
light pattern. However, such brightness variations can be
reduced by the homogenizing lens 450.

The projector 400 is distinct from the implementation 100
shown in FIG. 1 in that the light from the light sources is
transmitted to the spatial light modulator 408 by the homog-
enizing lens 450. In various implementations, the homog-
enizing lens 450 can have dimensions and a focal length
similar to those described above for the field lens. Similarly,
the spatial light modulator, the light sources, and the field lens
dimensions described elsewhere herein also apply to the
implementation of FIG. 4. However, in view of the addition of
homogenizing lens, the length of the overall projector of the
implementation illustrated in FIG. 4 can be, in some imple-
mentations, one focal length longer than the length of the
overall projector of the implementation illustrated in FIG. 1.
The homogenizing lens 450 transmits light from the light
sources 402 to the spatial light modulator 408 in such a way
as to illuminate it with enhanced uniformity. The homogeniz-
ing lens 450 can be optically aligned with the optical axis of
the field lens 420. In addition, the homogenizing lens 450 can
be separated from the output plane of the array of light
sources 402, along the optical axis, by the focal length F1.2 of
the homogenizing lens 450. The homogenizing lens 450 can
also be separated from the spatial light modulator 408 by the
focal length FL2. In some implementations, the spatial light
modulator 408 is separated from the homogenizing lens 450
by FL2 exactly, within manufacturing tolerances. The result
is that brightness variations across the output plane of the
array of light sources 402, located at the distance F1.2 below
the homogenizing lens 450, are averaged at a “plane of
enhanced uniformity,” which is located at the distance FL.2
above the homogenizing lens 450.

This is illustrated by the light beams 410 (410a, 4105, and
410¢), 412 (412a, 412b, and 412¢), and 414 (414a,414b, and
414¢) in FIG. 4. The individual light rays in each ofthe beams
410, 412, and 414 are shown emanating from each of three
different points at the output plane of the array of light sources
402. Specifically, light rays 410c¢, 412¢, and 414¢ are shown
emanating from a point on the left-hand side of the output
plane of the array of light sources 402, while light rays 4105,
4125, and 4145 emanate from the middle, and light rays 410a,
412a, and 414a emanate from a point on the right-hand side.
As illustrated, each point on the “plane of enhanced unifor-
mity,” where the spatial light modulator 408 is positioned,
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receives light from each of the points (i.e., left-hand, middle,
and right-hand) at the output plane of the array of light
sources 402. Thus, the light from each point on the output
plane of the array of light sources 402 is combined at each
point on the “plane of enhanced uniformity.” In other words,
the light rays 410a, 4106, and 410¢ from the right-hand,
center, and left-hand points on the output plane of the array of
light sources 402 are all combined by the homogenizing lens
450 at substantially a single point on the “plane of enhanced
uniformity” where the spatial light modulator 408 is located.
The same is true of the light rays 412a, 4125, and 412¢, as
well as the light rays 414a, 4145, and 414c¢. The result is that
brightness variations across the output plane of the array of
light sources 402 are averaged at the “plane of enhanced
uniformity.” Since the spatial light modulator 408 is located at
the “plane of enhanced uniformity,” there is more uniform
illumination of the spatial light modulator. Thus, any artifacts
in the projected pattern that may have been due to brightness
variations in the illumination of the spatial light modulator
408 can be reduced or eliminated.

FIG. 5 is a schematic illustration of an example of a pro-
jector 500 similar to the one illustrated in FIG. 1 but without
reflectors. The array of light sources 502, the spatial light
modulator 508, and the field lens 520 can be designed and
arranged similarly to others described herein (e.g., 102, 108,
and 120, respectively, in FIG. 1). However, the projector 500
is simplified, as compared to others described herein (for
example, 100 in FIG. 1), by eliminating the array of reflectors
from the array of light sources 502. As a result of the absence
of the array of reflectors, some light from the array of light
sources 202 is wasted because it does not reach the clear
aperture of the field lens 520. This is indicated in FIG. 5 by the
wide-angle dash-dot rays 518.

These light rays 518 are emitted from the array of light
sources 502 at angles that are outside the angular aperture of
the field lens 520. As such, these wasted light rays 518 do not
pass through the field lens 520 and, therefore, do not contrib-
ute to formation of a light pattern 540 corresponding to the
spatial light modulator 508. While the optical design of the
projector 500 is simplified, and the cost reduced, by omitting
an array of, for example, etendue-preserving reflectors, this is
done at the expense of decreasing the efficiency of the device.
However, this cost/efficiency tradeoff may be desirable in
some applications.

The various illustrative logics, logical blocks, modules,
circuits and algorithm steps described in connection with the
implementations disclosed herein may be implemented as
electronic hardware, computer software, or combinations of
both. The interchangeability of hardware and software has
been described generally, in terms of functionality, and illus-
trated in the various illustrative components, blocks, mod-
ules, circuits and steps described above. Whether such func-
tionality is implemented in hardware or software depends
upon the particular application and design constraints
imposed on the overall system.

The hardware and data processing apparatus used to imple-
ment the various illustrative logics, logical blocks, modules
and circuits described in connection with the aspects dis-
closed herein may be implemented or performed with a gen-
eral purpose single- or multi-chip processor, a digital signal
processor (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof
designed to perform the functions described herein. A general
purpose processor may be a microprocessor, or, any conven-
tional processor, controller, microcontroller, or state
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machine. A processor may also be implemented as a combi-
nation of computing devices, e.g., a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core, or any
other such configuration. In some implementations, particu-
lar steps and methods may be performed by circuitry that is
specific to a given function.

In one or more aspects, the functions described may be
implemented in hardware, digital electronic circuitry, com-
puter software, firmware, including the structures disclosed
in this specification and their structural equivalents thereof, or
in any combination thereof. Implementations of the subject
matter described in this specification also can be imple-
mented as one or more computer programs, i.e., one or more
modules of computer program instructions, encoded on a
computer storage media for execution by, or to control the
operation of, data processing apparatus.

Ifimplemented in software, the functions may be stored on
or transmitted over as one or more instructions or code on a
computer-readable medium. The steps of a method or algo-
rithm disclosed herein may be implemented in a processor-
executable software module which may reside on a computer-
readable medium. Computer-readable media includes both
computer storage media and communication media including
any medium that can be enabled to transter a computer pro-
gram from one place to another. A storage media may be any
available media that may be accessed by a computer. By way
of example, and not limitation, such computer-readable
media may include RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that may be
used to store desired program code in the form of instructions
or data structures and that may be accessed by a computer.
Also, any connection can be properly termed a computer-
readable medium. Disk and disc, as used herein, includes
compact disc (CD), laser disc, optical disc, digital versatile
disc (DVD), floppy disk, and blu-ray disc where disks usually
reproduce data magnetically, while discs reproduce data opti-
cally with lasers. Combinations of the above should also be
included within the scope of computer-readable media. Addi-
tionally, the operations of a method or algorithm may reside
as one or any combination or set of codes and instructions on
amachine readable medium and computer-readable medium,
which may be incorporated into a computer program product.

Various modifications to the implementations described in
this disclosure may be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other implementations without departing from the spirit or
scope of this disclosure. Thus, the claims are not intended to
be limited to the implementations shown herein, but are to be
accorded the widest scope consistent with this disclosure, the
principles and the novel features disclosed herein. The word
“exemplary” is used exclusively herein to mean “serving as
an example, instance, or illustration.” Any implementation
described herein as “exemplary” is not necessarily to be con-
strued as preferred or advantageous over other implementa-
tions. Additionally, a person having ordinary skill in the art
will readily appreciate, the terms “upper” and “lower” are
sometimes used for ease of describing the figures, and indi-
cate relative positions corresponding to the orientation of the
figure on a properly oriented page, and may not reflect the
proper orientation of the IMOD as implemented.

Certain features that are described in this specification in
the context of separate implementations also can be imple-
mented in combination in a single implementation. Con-
versely, various features that are described in the context of a
single implementation also can be implemented in multiple
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implementations separately or in any suitable subcombina-
tion. Moreover, although features may be described above as
acting in certain combinations and even initially claimed as
such, one or more features from a claimed combination can in
some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

Similarly, while operations are depicted in the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations
be performed, to achieve desirable results. Further, the draw-
ings may schematically depict one more example processes
in the form of a flow diagram. However, other operations that
are not depicted can be incorporated in the example processes
that are schematically illustrated. For example, one or more
additional operations can be performed before, after, simul-
taneously, or between any of the illustrated operations. In
certain circumstances, multitasking and parallel processing
may be advantageous. Moreover, the separation of various
system components in the implementations described above
should not be understood as requiring such separation in all
implementations, and it should be understood that the
described program components and systems can generally be
integrated together in a single software product or packaged
into multiple software products. Additionally, other imple-
mentations are within the scope of the following claims. In
some cases, the actions recited in the claims can be performed
in a different order and still achieve desirable results.

What is claimed is:

1. A projection device comprising:

afirstlens, the first lens having a first focal length and a first
optical axis;

a spatial light modulator positioned substantially one first
focal length away from the first lens along the first opti-
cal axis; and

a light source configured to illuminate the spatial light
modulator, wherein the light source includes a light
emitter and an etendue-preserving reflector,

wherein the device is configured to project a pattern created
by the spatial light modulator at a distance using light
from the light source.

2. The projection device of claim 1, wherein the spatial

light modulator is adjacent an output plane of the light source.

3. The projection device of claim 1, wherein the etendue-
preserving reflector is configured to substantially direct a
beam of light from the light source into a clear aperture of the
first lens.

4. The projection device of claim 1, wherein the etendue-
preserving reflector is configured to substantially direct a
beam of light from the light source into an acceptance cone of
the first lens.

5. The projection device of claim 1, wherein the light
source includes an array of light emitters.

6. The projection device of claim 5, wherein the light
source includes an array of etendue-preserving reflectors cor-
responding to the array of light emitters.

7. The projection device of claim 6, wherein there is a
one-to-one correspondence between each of the light emitters
in the array of light emitters and each of the reflectors in the
array of etendue-preserving reflectors.

8. The projection device of claim 5, further comprising a
second lens, the second lens having a second focal length and
a second optical axis that is aligned with the first optical axis,
the second lens being positioned substantially one second
focal length away from the spatial light modulator on a side of
the spatial light modulator opposite the first lens,
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wherein the light source is configured to illuminate the

clear aperture of the second lens, and

wherein the output plane of the light source is positioned

substantially one second focal length away from the
second lens such that the light source and the second lens
together provide enhanced uniformity of light at the
location of the spatial light modulator.

9. The projection device of claim 1, wherein the spatial
light modulator is transmissive.

10. The projection device of claim 1, wherein the spatial
light modulator is controllable to create any of a plurality of
patterns.

11. The projection device of claim 1, wherein the spatial
light modulator includes a liquid crystal display panel or an
array of interferometric modulators.

12. The projection device of claim 1, wherein the device
does not include a mechanism for adjusting the focus of the
device.

13. A method of fabricating a projection device, the method
comprising:

providing a first lens, the first lens having a first focal length

and a first optical axis;

providing a spatial light modulator positioned substantially

one first focal length away from the first lens along the
first optical axis; and

providing a light source configured to illuminate the spatial

light modulator, wherein the light source includes a light
emitter and an etendue-preserving reflector,

wherein the device is configured to project a pattern created

by the spatial light modulator at a distance using light
from the light source.

14. The method of claim 13, wherein the spatial light
modulator is provided adjacent an output plane of the light
source.

15. The method of claim 13, wherein the etendue-preserv-
ing reflector is configured to substantially direct a beam of
light from the light source into a clear aperture of the first lens.

16. The method of claim 13, wherein the etendue-preserv-
ing reflector is configured to substantially direct a beam of
light from the light source into an acceptance cone of the first
lens.

17. The method of claim 13, wherein the light source
includes an array of light emitters.

18. The method of claim 17, wherein the light source
includes an array of etendue-preserving reflectors corre-
sponding to the array of light emitters.

19. The method of claim 18, wherein there is a one-to-one
correspondence between each of the light emitters in the array
of light emitters and each of the reflectors in the array of
etendue-preserving reflectors.

20. The method of claim 17, further comprising providing
a second lens, the second lens having a second focal length
and a second optical axis that is aligned with the first optical
axis, the second lens being positioned substantially one sec-
ond focal length away from the spatial light modulator on a
side of the spatial light modulator opposite the first lens,

wherein the light source is configured to illuminate the

clear aperture of the second lens, and

wherein the output plane of the light source is positioned

substantially one second focal length away from the
second lens such that the light source and the second lens
together provide enhanced uniformity of light at the
location of the spatial light modulator.

21. The method of claim 13, wherein the spatial light
modulator is transmissive.
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22. The method of claim 13, wherein the spatial light
modulator is controllable to create any of a plurality of pat-
terns.

23. The method of claim 13, wherein the spatial light
modulator includes a liquid crystal display panel or an array 5
of interferometric modulators.

24. The method of claim 13, wherein the device does not
include a mechanism for adjusting the focus of the device.

25. A projection device comprising:

means for producing a beam of light, wherein the light 10

beam production means includes means for preserving
etendue of the beam of light;

means for producing a spatial pattern to be illuminated by

the beam of light; and

focusing means for imaging the spatial pattern production 15

means, the focusing means being associated with a focal
length and an optical axis, the focusing means being
positioned substantially one focal length away from the
spatial pattern production means along the optical axis,

wherein the device is configured to project the spatial pat- 20

tern at a distance.

26. The projection device of claim 25, wherein the light
production means includes a light emitter and the etendue-
preserving means includes a reflector, the spatial pattern pro-
duction means includes a spatial light modulator, and the 25
focusing means includes a lens.
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